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The objective of the present study was to analyze the cellular and subcellular localization of ionotropic glutamate receptor subunits in midbrain dopaminergic neurons in the squirrel monkey. This was achieved by means of immunohistochemistry at light and electron microscopic levels and in situ hybridization histochemistry.
Colocalization studies show that nearly all dopaminergic neurons in both the ventral and dorsal tiers of the substantia nigra compacta (SNc-v, SNc-d) and the ventral tegmental area ( VTA) are immunoreactive for AMPA (GluR1, GluR2/3, and GluR4) and NMDAR1 receptor subunits, but not for NMDAR2A/B subunits. The immunoreactivity of the receptor subunits is associated mainly with perikarya and dendritic shafts. Apart from the intensity of immunolabeling for the GluR4 subunit, which is quite similar for the different groups of midbrain dopaminergic neurons, the overall intensity of immunostaining for the other subunits is higher in the SNc-v and SNc-d than in the VTA. In line with these observations, in situ hybridization shows that the average level of labeling for the GluR2 and NMDAR1 subunit mRNAs is significantly higher in the SNc-v than in the VTA, and for the NMDAR1 subunit, higher in the SNc-v than in the SNc-d.
In contrast, no significant difference was found for the level of GluR1 mRNA labeling among the three groups of midbrain dopaminergic neurons. At the subcellular level in the SNc-v, AMPA (GluR1 and GluR2/3) and NMDAR1 receptor subunit immunoreactivity is preferentially associated with the postsynaptic densities of asymmetric synapses, but occasionally some immunoreactivity is found along nonsynaptic portions of plasma membranes of dendrites. A small number of preterminal axons, axon terminals, and glial cell processes are also immunoreactive.
Our observations indicate that the different groups of midbrain dopaminergic neurons in primates exhibit a certain degree of heterogeneity with regard to the level of expression of some ionotropic glutamate receptor subunits. The widespread neuronal and glial localization of glutamate receptor subunits suggests that excitatory amino acids may act at different levels to control the basal activity and, possibly, to participate in the degeneration of midbrain dopaminergic neurons in Parkinson's disease.
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Although glutamatergic afferents play a major role in the control of the basal activity of midbrain dopaminergic neurons (Grace and Bunney, 1984; Gariano and Groves, 1988; Grenhoff et al., 1988; Charlety et al., 1991; Smith and Grace, 1992; Chergui et al., 1994; Tong et al., 1996) , glutamate also may be neurotoxic to dopaminergic neurons and may participate in their degeneration in Parkinson's disease (Beal, 1992a,b; Johnson et al., 1992; Kikuchi and Kim, 1993; Marey-Semper et al., 1995; Blandini et al., 1996) . The fact that midbrain dopaminergic neurons immunoreactive for the calcium-binding protein calbindin-D 28K are selectively spared in Parkinson's disease (Yamada et al., 1990; Lavoie and Parent, 1991; Iacopino et al., 1992; Ito et al., 1992) indicates that an overload of calcium may underlie the neurodegenerative processes.
The excitatory effects of glutamate are mediated through the activation of ionotropic and metabotropic receptors. The ionotropic receptors represent glutamate-gated cation channels and are divided into two major classes by their pharmacological properties, namely the NMDA receptors and the AMPA-kainate receptors. Recent developments in molecular biology have greatly advanced our understanding of the structure, properties, and expression of glutamate receptors (Gasic and Hollmann, 1992; Nakanishi, 1992; Hollmann and Heinemann, 1994; Westbrook, 1994) . Numerous subunits and variants constituting the different types of glutamate receptors have now been cloned and sequenced. Various factors, including the subunit composition and the relative abundance of these subunits, influence the Ca ϩ2 permeability and desensitization of the receptor complex, two critical events involved in excitotoxicity Nakanishi, 1992; Hollmann and Heinemann, 1994; Jonas et al., 1994; Trussell et al., 1994; Geiger et al., 1995; Jonas and Burnashev, 1995) . The subunit composition of the AMPA and NMDA receptors associated with midbrain dopaminergic neurons therefore may underlie the susceptibility of these neurons to degenerate in Parkinson's disease. To further our knowledge on this issue, we undertook a detailed analysis of the cellular and subcellular localization of AMPA and NMDA receptor subunits in the substan-tia nigra compacta (SNc) and ventral tegmental area (VTA) in the squirrel monkey. Because the dopaminergic neurons in the VTA are less vulnerable than those in the SNc in Parkinson's disease (Yamada et al., 1990) , the first two objectives of our study were to (1) compare the pattern of immunoreactivity for glutamate receptor subunit in SNc and VTA and (2) quantify the relative abundance of the mRNAs encoding for these subunits. To understand better the synaptic organization as well as the role of glia in the functional interactions between glutamate and midbrain dopaminergic neurons, another objective was to analyze the subcellular localization of the different glutamate receptor subunits in the SNc. This study was achieved by light and electron microscopic immunocytochemistry and the radioautographic in situ hybridization method.
The results of this study have been published previously in abstract form (Paquet et al., 1995) .
MATERIALS AND METHODS Immunocytochemistry Animals and preparation of tissue
Three adult male squirrel monkeys (Saimiri sciureus) were anesthetized with an overdose of a mixture of ketamine hydrochloride (Ketaset, 100 mg/kg, i.m.) and xylazine (10 mg/kg, i.m.) and perfusion-fixed with 500 -700 ml of cold oxygenated Ringer's solution or 0.9% saline solution followed by 1.2 l of fixative containing 4% paraformaldehyde and 0.1% glutaraldehyde in phosphate buffer (PB) (0.1 M, pH 7.4). The brains were then removed from the skull, blocked, and post-fixed in the same fixative for 2 hr at 4ЊC. After many washes in PBS (0.01 M, pH 7.4), the blocks were cut in 60-m-thick transverse sections with a vibrating microtome, collected in cold PBS, and treated for 20 min with sodium borohydride (1% in PBS). After repeated washes in PBS, the sections including the SNc and VTA were processed for the immunocytochemical localization of different glutamate receptor subunits and tyrosine hydroxylase (TH) or calbindin-D 28k (CABP) immunocytochemistry.
Immunocytochemical procedures
Five series of adjacent sections (5-10 sections/hemisphere) through the rostrocaudal extent of the midbrain dopaminergic cell groups were processed according to the following immunocytochemical procedures: (1) localization of glutamate receptor subunit immunoreactivity at the light microscopic level, (2) localization of glutamate receptor subunit immunoreactivity at the electron microscopic level, (3) localization of TH immunoreactivity, (4) localization of CABP immunoreactivity, and (5) colocalization of glutamate receptor subunits and TH immunoreactivities.
Localization of glutamate receptor subunits at the light microscopic level. The sections were placed in a cryoprotectant solution (PB, 0.05 M, pH 7.4, containing 25% sucrose and 10% glycerol) for 20 min before being frozen at Ϫ80ЊC for an additional 20 min. Afterward, they were thawed, washed many times in PBS, and preincubated for 1 hr at room temperature with 10% normal goat serum (NGS) and 1% bovine serum albumin (BSA) in PBS. They were then incubated (48 hr at 4ЊC) in primary antisera solutions (Chemicon International, Temecula, CA) containing 1% BSA/1% NGS/PBS. The concentrations of polyclonal rabbit antibodies against AMPA (GluR1, GluR2/3, and GluR4) and NMDA (NMDAR1 and NMDAR2A/B) receptor subunits were 1.0 and 0.5 g IgG/ml, respectively (Chemicon International). The preparation and specificity of these antibodies have been described in detail elsewhere (Petralia and Wenthold, 1992; Petralia et al., 1994a,b) . Subsequently, the sections were rinsed in PBS, incubated for 75 min with biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA), diluted 1:200 in 1% BSA/1% NGS/PBS, rinsed again in PBS, and incubated for an additional hour in an avidin-biotin-peroxidase solution (ABC) (Vector Laboratories) diluted at 1:100 in 1% BSA/PBS. They were then washed in PBS and TRIS buffer (0.05 M, pH 7.6) before being placed in a solution containing 0.025% 3,3Ј-diaminobenzidine tetrahydrochloride (DAB) (Sigma, St. Louis, MO), 0.01 M imidazole (Fisher Scientific, Nepean, Ontario, Canada), and 0.006% hydrogen peroxide (H 2 O 2 ) for 10 -15 min. The reaction was stopped by repeated washes in PBS. Some of these sections were mounted onto gelatin-coated slides and dehydrated, and a coverslip was applied with Permount. Another series was processed for electron microscopy, and a third series was used for the colocalization with TH.
Localization of glutamate receptor subunits at the electron microscopic level. The sections prepared for electron microscopy were washed in PB (0.1 M, pH 7.4) before being post-fixed in osmium tetroxide (1% solution in PB) for 20 min. They were then washed in PB and dehydrated in a graded series of alcohol and propylene oxide. Uranyl acetate (1%) was added to the 70% ethanol (30 min) to improve the contrast in the electron microscope. The sections were then embedded in resin (Durcupan, ACM; Fluka, Buchs, Switzerland) on microscope slides and placed in the oven for 48 hr at 60ЊC. After examination in the light microscope, regions of interest in the SNc-v were cut out from the slides and glued on the top of resin blocks with cyanoacrylate glue. To ascertain that the blocks did not contain SNr neurons, they were collected from the medial third of the SNc-v, a region where dopaminergic and nondopaminergic neurons are well segregated (see Fig. 1 A) . Ultrathin sections were then cut on a Reichert-Jung Ultracut E ultramicrotome, collected on Pioloform-coated single-slot copper grids, stained with lead citrate (Reynolds, 1963) , and examined with a Phillips EM 300 electron microscope.
Localization of TH immunoreactivity. These sections were preincubated for 1 hr with 1% normal horse serum (NHS) and 1% BSA. They were then incubated overnight with mouse monoclonal antibodies against TH (1:1000, Incstar, Stillwater, MN), followed by a 1 hr incubation with biotinylated horse anti-mouse IgGs and an additional hour with ABC. All of the incubations were carried out at room temperature, and the immunoreactivity was localized with DAB according to the procedure described above.
Localization of CABP immunoreactivity. This procedure was similar to that described for TH immunostaining, except that monoclonal antibodies raised in mice against CABP (1:2500; Sigma) replaced the TH antibodies.
Colocalization of glutamate receptor subunits and TH. A series of sections immunostained with DAB for each of the glutamate receptor subunits (see above) were subsequently processed for the colocalization with TH. The protocol for TH immunostaining was the same as that described above except that the tungstate-stabilized tetramethylbenzidine (TMB) method (Llewellyn-Smith et al., 1993) was used to localize the immunoreactivity. After incubation in the different antibodies and the ABC, the sections were washed three to five times in PB (0.1 M, pH 6.0) before being preincubated in a solution of TMB that was prepared according to the protocol of Llewellyn- Smith et al. (1993) . After a 20 min preincubation, the reaction was initiated by adding glucose oxidase to a final concentration of 0.1% in a fresh TMB solution. The reaction was terminated after 5-7 min by extensive washings in PB (0.1 M, pH 6.0). The sections were then mounted onto gelatin-coated slides, air-dried, and dehydrated rapidly, and a coverslip was applied with Permount. A few control sections were incubated in a solution from which the mouse anti-TH antibodies were omitted.
Analysis of material
Colocalization studies. On the basis of the quality of the double immunostaining, sections from two hemispheres, which have been immunostained for TH and each of the glutamate receptor subunits, were preselected for determining the proportion of double-versus single-labeled neurons in the SNc and the VTA. These sections were collected from the middle third of the substantia nigra, which is the level where the different groups of midbrain dopaminergic cells are well segregated from nondopaminergic SNr neurons. At a magnification of 40ϫ, fields in the VTA and the lateral two-thirds of the SNc were scanned, and every THimmunoreactive perikarya with a clearly defined cell boundary was categorized as either single-labeled for TH (TMB deposit only) or doublelabeled for TH and GluR (TMB and DAB deposits). Because their boundary could not be defined properly, densely aggregated neurons in the medial third of the SNc were not used for quantitative purposes.
Electron microscopic analysis. At the level of the middle third of the SNc, two blocks were collected from the medial part of the SNc-v in one or two sections immunostained for GluR1, GluR2/3, and NMDAR1 subunits. Fifteen to thirty serial ultrathin sections collected from the surface of each block were cut on an ultramicrotome and examined in the electron microscope. Two or three ultrathin sections from the different hemispheres were then examined to select the cases with a good preservation of ultrastructural features for a more detailed analysis.
In situ hybridization Animals and preparation of tissue
Four adult male squirrel monkeys (Saimiri sciureus) were used for this part of the study. They were anesthetized deeply with an overdose of pentobarbital (50 mg/kg, i.v.). The brains were removed quickly and kept frozen at Ϫ70ЊC. Coronal sections of the brains (10 m thick) were cut on a cryostat, collected on gelatin-coated slides, and processed for in situ hybridization histochemistry.
Synthesis of probes
GluR1 and GluR2 receptor subunit mRNAs were detected by hybridizing sections with oligodeoxynucleotide probes complementary to the rat GluR1 or GluR2 mRNAs. The chosen nucleotidic sequences were identical to those used in other studies and recognized both flip and flop spliced variants of the GluR1 or GluR2 subunits (Sato et al., 1993 ) (GluR1 ϭ 5Ј-GTCACTGGTTGTCTGGTCTCGTCCCTCT-TCAAACTCTTCGCTGTG-3Ј; GluR2 ϭ 5Ј-TTCACTACTTTGTG-TTTCTCTTCCATCTTCAAATTCCTCAGTGTG-3Ј). A total of 20 pmol of each oligodeoxynucleotide was labeled at the 3Ј end by terminal transferase with [
35 S]-dATP (1338Ci/mmol, Dupont NEN, Wilmington, DE) and purified using a DNA labeling kit (Dupont NEN). The reaction was carried out at 37ЊC for 30 min.
NMDAR1 receptor subunit mRNA was detected by hybridizing sections with a cRNA probe. The [
35 S] radiolabeled probe was synthesized by transcription in vitro from a cDNA clone encoding for the squirrel monkey NMDAR1 subunit. A random-primed reverse-transcribed cDNA from poly(A ϩ ) RNA of squirrel monkey basal ganglia was used for RT-PCR amplification of NMDAR1 cDNA using a sense primer (TG-GAACCACATCATCCTGC) and a reverse primer (GTTCTTGCCGT-TGATGAGC). The 351 basepair-long PCR product was ligated in the transcription competent vector pBluescript II SK (Stratagene, La Jolla, CA) for riboprobe synthesis. Transcription of the cRNAs from the cDNAs was performed as described previously (Chesselet et al., 1987) in the presence of 2.5 M of [
35 S] UTP (1000 Ci/mmol, Dupont NEN) and 10 M of unlabeled UTP with ATP, CTP, and GTP in excess. The reaction was carried out for 2 hr at 37ЊC, and then the template was digested with DNase I. The labeled cRNAs were purified by phenol/ chloroform extraction and ethanol precipitation.
In situ hybridization procedures
For each experiment, brain sections at the level of the SN were dried quickly at room temperature under a flow of air and fixed for 5 min by immersion into a solution of 3% paraformaldehyde in PB (1.0 M, pH 7.2) containing 0.02% DEPC. The detailed procedure for the in situ hybridization protocol has been described elsewhere (Chesselet et al., 1987; Tremblay et al., 1995) . Sections were treated for 10 min with 0.25% acetic anhydride and triethanolamine (0.1 M, pH 8.0) and for 30 min with Tris-glycine (1 M, pH 7.0), dehydrated in graded ethanol, and air-dried.
Oligonucleotide probes. Each section was covered with 1-2 ϫ 10 6 cpm per 80 l of 35 S-labeled DNA probe diluted in hybridization solution containing 40% formamide, 10% dextran sulfate, 4ϫ SSC (1ϫ SSC ϭ 0.15 M NaCl, 0.015 M sodium citrate), 10 mM dithiothreitol, 1% sheared salmon sperm DNA, 1% yeast tRNA, and 1ϫ Denhardt's solution containing 1% of RNase-free BSA. The sections were covered with parafilm, placed in humidified boxes, and incubated overnight in a pulsed-air oven at 37ЊC. Posthybridization rinses were in 1ϫ SSC for 1 hr at room temperature, 1 ϫ SSC for 1 hr at 40ЊC, and 0.1ϫ SSC for 1 hr at 40ЊC.
cRNA probe. Each section was covered with 2-4 ng in 30 l of radiolabeled cRNA probe (specific activity: 4 ϫ 10 5 cpm/ng) diluted in hybridization solution (see above) and incubated for 4 hr in a pulsed-air oven at 50ЊC. Sections were then immersed in 50% formamide and 2ϫ SSC at 52ЊC for 5 and 20 min, in RNase A (100 g/ml; Sigma) and 2ϫ SSC for 30 min at 37ЊC, and in 50% formamide and 2ϫ SSC for 5 min, and left overnight in 2ϫ SSC and 0.05% Triton X-100 at room temperature under mild agitation. Sections were then dehydrated in ethanol, defatted in xylene for 30 min, rinsed in 100% ethanol, air-dried, and stored in a desiccator until radioautographic processing.
Radioautography
Sections of the SN labeled with the DNA or cRNA probes were first processed for x-ray film radioautography and then emulsion radioautography. In the first case, sections were juxtaposed to Kodak X-OMAT AR x-ray films and exposed for 2-3 weeks. In the second case, sections were coated with a Kodak NTB3 nuclear emulsion diluted 1:1 with water containing 300 mM ammonium acetate, air-dried, and stored at 4ЊC in light-tight boxes in the presence of desiccant. After 15-21 or 4 -15 d of exposure for film or emulsion radioautography, respectively, the sections were developed in Kodak D-19 for 3.5 min at 14ЊC. Emulsion radioautographs were counterstained lightly with hematoxylin and eosin and mounted with Eukitt mounting media.
Analysis of labeling
The level of radioautographic labeling for GluR1, GluR2, and NMDAR1 mRNAs was quantified in individual neurons of the SNc-v, SNc-d, and VTA by computerized image analysis (Ultimage). Individual neurons were observed on a microscope at 40ϫ magnification under bright-field illumination. The number of silver grains in single neurons was calculated on the digitized image and expressed as a number of pixels per neuron. Because the size of the perikarya was quite variable between the SNc and the VTA, the number of pixels representing the silver grains was expressed per unit area of somata. The perikarya were traced three times, and the average area was used as the final value. In each region investigated, the labeling was measured on 50 -100 neurons per monkey from three (for GluR1 subunit) or four (for GluR2 and NMDAR1 subunits) animals. The average level of labeling between SNc-v, SNc-d, and VTA cells was compared with an ANOVA. Post hoc comparisons were performed with the protected least significant difference Fisher's test. Statistical significance was defined as p Ͻ 0.05.
RESULTS

Subpopulations of midbrain dopaminergic neurons
The midbrain dopaminergic neurons are subdivided into three groups on the basis of their localization, morphology, and immunoreactivity for CABP (Fig. 1) . Neurons in the SNc-v are densely packed, display TH but not CABP immunoreactivity, and extend their dendrites in the dorsoventral plane (Fig. 1 A) . Neurons in the SNc-d are more loosely distributed, display immunoreactivity for both TH and CABP, and have dendrites oriented in the mediolateral plane (Fig. 1 B) . Finally, neurons in the VTA also display immunoreactivity for both TH and CABP but are located more medially than neurons in the SNc-d (Fig. 1) . To determine the exact location of the neurons immunoreactive for the different glutamate receptor subunits, a series of sections adjacent to those shown in Figures 4 -8 were processed for TH and /or CABP immunostaining. In addition, other sections were processed for the colocalization of TH and each of the glutamate receptor subunits (Figs. 2, 3 ).
Colocalization of TH and GluR subunit immunoreactivities
In sections processed for the localization of the different GluR subunits, all neurons in the SNc-v, SNc-d, and VTA appeared to be immunoreactive (see Figs. 4 -7) . The only exceptions were those processed to localize the NMDAR2 A / B subunits that were devoid of immunoreactive elements at midbrain level (see Fig. 8 A) . To ascertain that all midbrain dopaminergic neurons were indeed immunoreactive for glutamate receptor subunits, we carried out double immunohistochemical staining experiments. The results of this part of the study are shown in Table  1 and Figures 2 and 3 . The immunoreactivity for the GluR subunits was localized with the brown and amorphous DAB reaction product, whereas the TH immunoreactivity was localized with TMB, which results in a filamentous blue-green reaction product (Figs. 2, 3 ). The majority of neurons in the SNc-v, SNc-d, and VTA contained both DAB and TMB reaction products, which confirms that most of the midbrain dopaminergic neurons display immunoreactivity for the different AMPA (GluR1, GluR2/3, and GluR4) and NMDAR1 glutamate receptor subunits (Figs. 2 A,B,D,E, 3A,B,D,E) . Examination of 2000 -3000 TH-immunoreactive neurons at the level of the middle third of the SNc-v and the VTA in two hemispheres revealed that Ͼ98% of those neurons display immunoreactivity for glutamate receptor subunits (Table 1 ; Fig. 2C ). Because the proportion of double-labeled neurons was not significantly different between the two hemispheres, data obtained in both cases were pooled (Table 1) . In contrast to the midbrain dopaminergic cell groups, neurons in the substantia nigra pars reticulata (SNr) were strongly immunoreactive for the different GluR subunits but devoid of TMB reaction product (Fig. 3C) . This indicates the specificity of the double immunostaining; i.e., the TMB reaction product in DAB-stained cells was not attributable to nonspecific attachment between the two reaction products. Furthermore, control sections that were incubated with solutions in which the TH antibodies had been omitted and replaced by normal serum were devoid of TMB staining. 
Pattern of GluR subunit immunostaining AMPA receptor subunits
The distribution of immunoreactivity for the different AMPA receptor subunits (GluR1, GluR2/3, and GluR4) at midbrain level is shown in Figures 4 -6 . Overall, the pattern of immunostaining was quite similar for the different subunits. In the three groups of midbrain dopaminergic neurons, the immunoreactivity was confined mainly to perikarya and dendritic processes which, in the SNc-v in particular, were labeled over long distances (Figs. 4 D, 5C, 6C, D) . In general, the reaction product was homogeneously distributed in immunoreactive structures, except for some neurons in the VTA that displayed strong GluR1 and GluR2/3 labeling confined to the internal surface of the plasma membrane (Figs. 4 B,C , 5B). A feature common to the three animals used for this part of the study was that the overall intensity of the DAB reaction product associated with GluR1 and GluR2/3 immunore- activity was higher in SNc-v than in SNc-d and VTA neurons (Figs. 4, 5) . In contrast, the intensity of GluR4 immunoreactivity was quite homogeneous among the three groups of midbrain dopaminergic neurons (Fig. 6) .
NMDA receptor subunits
The distribution of NMDAR1 and NMDAR2 A / B subunits at midbrain level is shown in Figures 7 and 8 . Overall, the distribution of NMDAR1 subunit was quite similar to that of AMPA GluR1 and GluR2/3; however, the pericellular labeling that characterized some of the immunoreactive perikarya in the VTA was not encountered in the NMDAR1 subunitimmunostained material (Fig. 7) . The reaction product was distributed rather homogeneously throughout the cytoplasm of immunoreactive neurons. The intensity of immunostaining, however, was quite variable among subpopulations of VTA and SNc-d neurons, the majority being as strongly labeled as neurons in the SNc-v, whereas a few displayed a much lighter immunostaining (Fig. 7B) . The lightly stained neurons did not display any particular morphological features or distribution pattern that differentiated them from the more strongly labeled neurons (Fig. 7B) . In contrast to the VTA and the SNc-d, all SNc-v neurons displayed the same intensity of immunostaining (Fig. 7A,C) . The different populations of midbrain dopaminergic neurons were not immunoreactive for the NMDAR2 A / B subunits ( 
A).
A light background staining was observed, but this was considered nonspecific because it was not higher than that displayed in control sections. The fact that neurons in the hippocampus (Fig. 8 B) and the cerebral cortex (Fig. 8C) in the same sections were strongly immunoreactive indicates that the lack of immunostaining in midbrain dopaminergic neurons was not attributable to a loss of antigenicity. Rather, it indicates that the NMDAR2 A / B subunits are either not expressed or expressed at a very low level in those neurons.
Glutamate receptor subunit mRNAs in midbrain dopaminergic neurons
The overall pattern of mRNA labeling for the different glutamate receptor subunits was the same for the four monkeys used in this part of the study. As visualized on x-ray film autoradiographs, the SNc was one of the most strongly labeled structures in sections processed with the rodent DNA probes for AMPA GluR1 and GluR2 subunits and the monkey cRNA probe for the NMDAR1 subunit (Fig. 9) . The radioautographic labeling for the NMDAR1 subunit (Fig. 9C ) was more intense than that produced for the two AMPA receptor subunits (Fig. 9A,B) . As shown previously in the rat (Boulter et al., 1990; Keinänen et al., 1990; Standaert et al., 1994) , the hippocampus displayed the highest level of labeling for the different subunit mRNAs (Fig. 9 ). In line with the immunohistochemical data, the VTA was labeled less intensely than the SNc for the different subunit mRNAs (Figs. 9 -11) . Quantification of labeling in individual neurons demonstrated that the level of mRNAs encoding for the GluR2 and NMDAR1 subunits was significantly lower in SNc-d and VTA than in SNc-v (Figs. 10C-F, 11) . Although the level of NMDAR1 subunit mRNAs was higher in SNc-d than in VTA, no significant difference was found between these two regions for the GluR2 subunit (Fig. 11) . It is worth noting that a few neurons were completely devoid of NMDAR1 mRNA labeling in the VTA. The intensity of GluR1 subunit mRNA labeling was not significantly different among the three groups of midbrain dopaminergic neurons (Fig. 11) . Glial cells were either devoid of labeling or contained one or two radioautographic grains (Fig. 10) .
Subcellular localization of glutamate receptor subunit immunoreactivity in the SNc-v
On the basis of the preservation of ultrastructural features, two hemispheres of different animals were selected for electron microscopic analysis. Overall, the pattern of subcellular immunostaining for the different subunits was quite similar. In perikarya and dendrites, patches of immunostaining were associated with microtubules, rough endoplasmic reticulum, Golgi apparatus, and nuclear envelope, and occasionally with multivesicular bodies (Fig. 12 A) . The highest density of immunostaining, however, was associated with the postsynaptic densities of asymmetric synapses established by unlabeled boutons on dendritic shafts (Figs. 12C-E, 14A) and spines (Fig. 12 B) . In many cases, the reaction product was confined almost exclusively to the asymmetric synapses (Figs. 12 B,C,E) , whereas in others, patches of immunostain- ing were also found at nonsynaptic sites along the dendrites (Fig. 12 A) .
Glial cell labeling was found with the different receptor subunit antibodies. Thin immunoreactive glial cell processes often ensheathing unlabeled boutons (Fig. 13F ) were commonly encountered. In contrast, cell bodies of astrocytes were unlabeled. In the cases where the glial cell processes were cut in the longitudinal plane, the labeling was not homogeneous but rather distributed in patches in specific parts of the process (Fig. 13E) .
Although it was not encountered frequently, presynaptic labeling was found for GluR1, GluR2/3, and NMDAR1 subunits. The pattern of immunostaining, however, was not the same for the different subunits. The GluR1 subunit immunoreactivity was associated with thin unmyelinated preterminal axonal segments (Fig. 13B,C) and /or terminal boutons (Fig. 13D) . In four cases, the preterminal axons displayed strong immunoreactivity, but the terminals they gave rise to were devoid of reaction product (Fig.  13B,C) . In fourteen additional cases, part of the preterminal axons and the terminal boutons forming asymmetric synapses were filled homogeneously with the reaction product (Fig. 13D ). In the tissue immunostained for GluR2/3 subunits, four darkly stained immunoreactive terminals packed with large ovoid vesicles (Fig. 12 F ) and three thin axonal segments were found to be immunoreactive. Two of the immunoreactive terminals formed symmetric synapses with dendritic shafts (Fig. 12 F ) . The presynaptic immunostaining for the NMDAR1 subunit was found either in preterminal axons that gave rise to unlabeled boutons with pleomorphic vesicles (Fig. 14 B) (n ϭ 5) or in terminals that formed asymmetric synapses with dendritic shafts (Fig. 14C) (n ϭ 10) . Postjunctional dense bodies were associated with the synapses formed by the NMDAR1 subunit-immunoreactive boutons (Fig. 14C) .
Thin immunoreactive elements that could be glial cells, thin axons, or small dendrites were encountered frequently in the neuropile for each GluR subunit. These unidentifiable structures were not included in any of the categories of immunoreactive elements described above.
DISCUSSION
The results of our study provide the first detailed description of the distribution of ionotropic glutamate receptor subunits in midbrain dopaminergic neurons in primates. Three major conclusions can be drawn from our findings. First, the different populations of midbrain dopaminergic neurons are enriched in AMPA (GluR1, GluR2/3, and GluR4) and NMDAR1 receptor subunits, but devoid of NMDAR2A / B subunit. Second, the level of mRNAs encoding for the GluR2 and NMDAR1 subunits is significantly higher in SNc than in VTA dopaminergic neurons. Third, GluR1, GluR2/3, and NMDAR1 immunoreactivity in the SNc is associated with postsynaptic densities of asymmetric synapses, preterminal axons, or terminal boutons and glial cell processes.
Distribution of glutamate receptor subunits in midbrain dopaminergic neurons
Overall, the pattern of distribution of the AMPA receptor subunits described in our study is consistent with that shown previously in rats by means of in situ hybridization (Sato et al., 1993) and immunocytochemical (Petralia and Wenthold, 1992; Martin et al., 1993) techniques. The only discrepancy between those findings relates to the presence of the GluR4 subunit in midbrain dopaminergic neurons. Although we and others (Petralia and Wenthold, 1992; Sato et al., 1993) showed that almost 100% of TH-containing neurons in the VTA and SNc express the GluR4 receptor subunit, Martin et al. (1993) , using a different antiserum, showed that this subunit was absent in SNc and VTA of the rat. Additional differences in the distribution and cellular localization of GluR4 immunoreactivity were also noticed at the level of the cerebral cortex, hippocampus, and forebrain with the antiserum of Martin et al. (1993) . The slight difference in the composition of the synthetic peptides used for making these antibodies is the most likely explanation for this discrepancy (Petralia and Wenthold, 1992; Martin et al., 1993) .
Extensive pharmacological and physiological evidence indicates the presence of NMDA receptors in midbrain dopaminergic neurons (Seutin et al., 1990; Overton and Clark, 1992; Chergui et al., 1993; Wang and French, 1993; Zhang et al., 1994; Christoffersen and Meltzer, 1995) . In keeping with these observations and previous immunohistochemical (Petralia et al., 1994b) and in situ hybridization studies in rats (Standaert et al., 1994; Laurie et al., 1995; Sato et al., 1995) , our findings show that dopaminergic neurons in the SNc and VTA display NMDAR1 subunit immunoreactivity. In contrast, midbrain dopaminergic neurons are devoid of NMDAR2A / B subunit immunoreactivity in the squirrel monkey. These observations are consistent with those made in the rat with the same antibody (Petralia et al., 1994a) , although light Figure 9 . X-ray films from transverse adjacent sections of the substantia nigra processed for in situ hybridization with a 35 S-labeled cDNA probe for the rat GluR1 (A) and GluR2 (B) mRNAs and a cRNA probe for the monkey NMDAR1 mRNA (C). Note the dense labeling for the different subunits at the level of the SNc. Scale bar (shown in A): 1 mm. neuropil immunostaining was found in this study. Similarly, the hybridization signal was found to be very low in the SNc after incubation with probes specific to NMDAR2A and 2B (Standaert et al., 1994) . In contrast, the SNc was one of the most intensely labeled structures when hybridized with a probe that recognizes the NMDAR2D subunit (Standaert et al., 1994) . Although the subunits of the NMDAR2 family do not form homomeric functional channels in vitro, they markedly potentiate the responses of the NMDA receptor complex to agonists when expressed with NMDAR1 Nakanishi, 1992; Hollman and Heinemann, 1994) ; however, the specific properties of the different isoforms of NMDAR2 are as yet poorly understood. Future in vitro studies are essential to understand better the functional significance of the relative expression of the different NMDAR1 and NMDAR2 isoforms in midbrain dopaminergic neurons.
Relative abundance of glutamate receptor subunits in the different groups of midbrain dopaminergic neurons
One major conclusion of our study is that the level of mRNA encoding for the NMDAR1 and GluR2 subunits is significantly higher in SNc than in VTA neurons. Moreover, our findings also show that in the SNc, neurons in the ventral tier have a higher level of NMDAR1 mRNA labeling than neurons in the dorsal tier. This is an important finding, because the relative abundance of subunit mRNAs may account for different functional properties, such as Ca 2ϩ permeability, gating, and desensitization of the native receptor channels Hestrin, 1993; Trussell et al., 1994; Geiger et al., 1995) . Because of the lack of attention paid to the VTA in most of the previous studies (Petralia and Wenthold, 1992; Martin et al., 1993; Petralia et al., 1994b; Standaert et al., 1994; Laurie et al., 1995) , our findings are difficult to compare with those obtained in rodents. An exception was the recent study of Sato et al. (1995) showing that both NMDAR1 and NMDARgbs (glutamate-binding protein) mRNA expression is much higher in the SNc than in the VTA of the rat (Sato et al., 1995) . Surprisingly, the differential levels of NMDAR1 and GluR2 subunit mRNAs reported in our study are inversely correlated with the density of glutamatergic terminals in contact with SNc and VTA neurons. Indeed, we showed recently that Ͼ70% of the axodendritic synapses involve glutamate-enriched terminals in the VTA, whereas Ͻ40% of the boutons in contact with dendrites in the SNc-v are enriched in glutamate . A better knowledge of the source, the relative distribution, and the type of receptors activated by glutamatergic afferents in contact with midbrain dopaminergic neurons is essential to understand the significance of these observations. The glutamatergic inputs to SNc and VTA arise from four major sources: the cerebral cortex, the subthalamic nucleus, the pedunculopontine nucleus, and the amygdala. Apart from the amygdaloid inputs, which appear to be restricted largely to the lateral part of the SNc (Gonzales and Chesselet, 1990) , the other glutamatergic afferents seem to contribute equally to the innervation of both groups of midbrain dopaminergic neurons (Kornhuber et al., 1984; Groenewegen and Berendse, 1990; Smith et al., 1990; Sesack and Pickel, 1992; Naito and Kita, 1994; Charara et al., 1996) . The NMDA receptors were found to mediate the excitatory effects of subthalamic (Chergui et al., 1994 , Rosales et al., 1994 and possibly cortical (Gariano and Groves, 1988; Svensson and Tung, 1989; Tong et al., 1996) afferents, whereas inputs from the pedunculopontine nucleus act preferentially on non-NMDA receptors (Scarnati et al., 1986 , Di Loreto et al., 1992 . Although these pharmacological and electrophysiological data contributed significantly to our understanding of the effects generated by glutamatergic afferents in dopaminergic neurons, the analysis must now be carried out at a higher level of resolution to elucidate the localization and subunit composition of the glutamate receptors at the synaptic level. One way to reach this objective is to combine the identification of the presynaptic terminals by axonal tracing with the subcellular localization of glutamate receptor subunit immunoreactivity at the electron microscopic level. In the present study, we used the immunoperoxidase labeling to study the subcellular localization of the AMPA and NMDA receptor subunits in SNc-v. As expected, dense reaction product was found to be associated with axo-dendritic asymmetric synapses. In most of the cases in which immunoreactive dendrites received an asymmetric synaptic contact, the postsynaptic densities associated with those synapses were labeled; however, the intensity of labeling was highly variable, extending from a dense aggregate of reaction product to a thin layer of staining. It is noteworthy that the same phenomenon was found in all of the previous peroxidase labeling studies (Martin et al., 1992 (Martin et al., , 1993 Petralia and Wenthold, 1992; Baude et al., 1994; Petralia et al., 1994a,b) . Although the variation in the intensity of staining may be correlated with the relative abundance of antigens, the DAB reaction product is too diffuse to be quantified. Future studies combining the anterograde labeling of glutamate-enriched terminals with postembedding immunogold techniques for the subcellular localization of glutamate receptor subunits (Nusser et al., 1994; Phend et al., 1995) are therefore essential for elucidating this issue. Such an approach can also be used for colocalization studies of glutamate receptor subunits at the synaptic level (Nusser et al., 1994) .
Subcellular localization of glutamate receptor subunits Presynaptic labeling
A small number of preterminal axons and axon terminals were found to be immunoreactive for NMDAR1, GluR1, and GluR2/3 subunits in the SNc-v of the squirrel monkey. In the rat, presynaptic structures immunoreactive for NMDAR1 were found in different brain structures (Aoki et al., 1994; Farb et al., 1995; Gracy and Pickel, 1995) . In contrast, presynaptic labeling with GluR1 or GluR2/3 antibodies is much less common (Petralia and Wenthold, 1992; Molnar et al., 1993; Baude et al., 1994 Baude et al., , 1995 Farb et al., 1995) . In our material, a small number of preterminal axons and terminal boutons involved in asymmetric synapses were found to be immunoreactive for NMDAR1 and GluR1, whereas a few boutons packed with large ovoid vesicles displayed GluR2/3 immunoreactivity. These data imply that glutamate may act on those receptors to modulate presynaptically the release of transmitters in the SNc. Although the existence of presynaptic excitatory amino acid receptors has been suggested in the striatum (Chesselet, 1984; Glowinski et al., 1988; Desce et al., 1992) and hippocampus (Martin et al., 1991) , our findings provide the first evidence of presynaptic NMDA and non-NMDA receptors in the SNc of primates. Both NMDAR1 and GluR1-positive boutons displayed the same ultrastructural features, which resembled those of glutamatergic afferents from the subthalamic nucleus (Kita and Kitai, 1987; Bevan et al., 1994 , Smith et al., 1994 or the pedunculopontine nucleus . If such is the case, these afferents could control their own release of glutamate by activating presynaptic autoreceptors. Presynaptic NMDA receptors may also be involved in the regulation of dopamine release from dendrites in the cat substantia nigra through a tetrodotoxin-resistant process (Gauchy et al., 1994) .
The existence of a few GluR2/3-positive terminals that displayed the ultrastructural features of inhibitory terminals suggests that glutamate may also modulate presynaptically the release of GABA in the SNc of primates. 
Glial cell labeling
Our findings show that glial cell processes contain NMDA and AMPA receptor subunits. Although NMDAR1-positive astrocytes have been found in various brain structures (Aoki et al., 1994; Conti et al., 1994a; Farb et al., 1995; Gracy and Pickel, 1995) , glial cell labeling for AMPA receptor subunits is variable (Petralia and Wenthold, 1992; Martin et al., 1993; Baude et al., 1994; Conti et al., 1994b; Spreafico et al., 1994; Farb et al., 1995; Siegel et al., 1995) . Glial cell processes in the rat SNc were shown recently to display strong immunoreactivity for the quinolinic acid-synthesizing enzyme 3-hydroxyanthranilic acid oxygenase ( 3 HAO) (Roberts et al., 1994) or the biosynthetic enzyme of the broad spectrum excitatory amino acid antagonist kynurenic acid (Schwarcz et al., 1992) . Quinolinic acid is a brain metabolite, which was found to be a selective NMDA receptor agonist and one of the most powerful excitotoxins in the brain (Stone and Perkins, 1981; Schwarcz and Köhler, 1983) . In contrast, kynurenic acid attenuates NMDA-induced excitation of SNc dopaminergic neurons in the rat (Wu et al., 1994) . Glutamate receptors therefore may act as autoreceptors that control the glial cell release of these excitatory amino acid agonists and antagonists in the SNc.
Excitotoxicity and Parkinson's disease
It is well established that excessive stimulation of glutamate receptors may lead, under certain circumstances, to neuronal death (Choi, 1988 (Choi, , 1992 Beal, 1992a) . This phenomenon, called excitotoxicity (Olney et al., 1971) , relies mainly on massive influx of Ca 2ϩ through NMDA receptor channels (Rothman and Olney, 1987; Choi, 1988 Choi, , 1992 Michaels and Rothman, 1990; Beal, 1992a; Blandini et al., 1996) . Indirect evidence indicates that excitotoxicity could be involved in the degeneration of midbrain dopaminergic neurons in Parkinson's disease (for review, see Blandini et al., 1996) . In keeping with this hypothesis, neurons in the VTA and the SNc-d, which contain the calcium-binding protein calbindin D 28k , are selectively spared in Parkinson's disease (see introductory remarks). Moreover, our findings in squirrel monkeys show that neurons in the SNc-v display a much higher level of NMDAR1 subunit than the two other groups of midbrain dopaminergic neurons. Therefore, the lack of calcium binding protein combined with the larger density of Ca 2ϩ -permeable NMDA channels could make dopaminergic neurons in the SNc-v more sensitive to excitotoxicity than other dopaminergic cell groups in Parkinson's disease.
Numerous observations indicate that a combination of impairment in energy metabolism or oxidative stress and activation of NMDA receptors induces a selective toxicity toward midbrain dopaminergic neurons in the SNc-v (Sonsalla et al., 1989; Turski et al., 1991; Beal, 1992b; Turski and Stephens, 1992; Brouillet and Beal, 1993; Lange et al., 1993; MareySemper et al., 1995; Blandini et al., 1996) . An important aspect of this hypothesis is that glutamate levels need not be abnormally high to induce the neuronal degeneration (Blandini et al., 1996) . NMDA receptor antagonists therefore should be considered potential candidates for preventing the death of dopaminergic neurons in Parkinson's disease. Because of the wide distribution of NMDA receptors in the brain, however, NMDA receptor antagonists evoke a number of undesirable symptoms, including psychostimulation, impairment of learning and memory, and severely disordered movements (for reviews, see Ossowska, 1994; Starr, 1995a,b) . A better knowledge of the sub- Figure 14 . Subcellular localization of NMDAR1 subunit immunoreactivity in the SNc-v. A shows an immunoreactive dendrite that forms an asymmetric synapse (arrowhead) with an unlabeled bouton. B illustrates an immunoreactive preterminal axonal segment that gives rise to a large terminal devoid of immunoreactivity. C depicts an immunoreactive terminal bouton that forms an asymmetric axo-dendritic synapse. Note that the reaction product is confined mainly to a small part of the terminal (arrow). Scale bar (shown in A): 0.5 m.
